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Effect of elevated extracellular glucose concentrations on trausmem-
brane calcium ion fluxes in cultured rat VSMC. Blood flow autoregula-
tion is impaired in early diabetes mellitus, predisposing the renal
microcirculation to injury. These hemodynamic changes have been
strongly implicated in the development and progression of diabetic
glomerulopathy. Blood flow autoregulation is predominantly a myo-
genic reflex which is strongly dependent on Ca2 uptake by vascular
smooth muscle cells (VSMC). Because impaired blood flow autoregu-
lation may be responsive to glycemic control, the present study
examined the effects of elevated extracellular glucose concentrations on
basal, voltage sensitive and receptor operated Ca2 uptake by VSMC.
Confluent cultured rat VSMC were exposed to: (1) control medium
(CM; 5 m glucose); (2) high glucose medium (HGM; 10 to 30 msi
glucose); or (3) osmotic control medium (0CM; glucose 5 msi +
L-glucose 25 m or mannitol 25 mM). A threshold glucose concentra-
tion of 15 m markedly and maximally depressed basal Ca2 uptake by
VSMC (HGM 52% vs. CM). In addition, HGM significantly depressed
voltage sensitive Ca2 uptake by VSMC as determined by responses to
BAY K 8644 (l0— M) or high extracellular [K] (65 mat, 11GM 50% vs.
CM). HGM similarly depressed pressor hormone-stimulated Ca2
uptake (AVP or Ang II lO M) by VSMC. The effects of 11GM on Ca2
uptake were time exposure dependent and reversible. Ca2 uptake by
VSMC in the presence of 0CM did not differ from CM, Elevated
extracellular glucose concentrations thus exert a direct and profound
effect on basal, voltage sensitive and receptor operated Ca2 uptake by
VSMC. These observations may provide a biochemical basis for
glucose-induced dysregulation of regional blood flow autoregulation in
early diabetes mellitus.
Diabetes mellitus is characterized by the premature develop-
ment of vascular disease. Hemodynamic factors have been
strongly implicated in the primary pathogenesis and propaga-
tion of this vascular injury [1—3]. The marked susceptibility of
the diabetic microcirculation to injury when exposed to moder-
ate elevations of systemic blood pressure implies the break-
down of mechanisms such as blood flow autoregulation, that
normally act to protect the microcirculation from excessive
barotrauma. Numerous recent studies confirm that blood flow
autoregulatory responses to increased systemic perfusion pres-
sures are impaired in many tissues early in the course of both
experimental and human diabetes [4—8].
blood flow autoregulation is a complex phenomenon that is
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critically dependent on a local pressure-activated myogenic
reflex generated within the vascular smooth muscle of arterioles
and some larger arteries [9—12]. This reflex can be modulated by
the action of circulating pressor hormones such as angiotensin
II (Ang II) and arginine vasopressin (AVP) as well as the local
release of prostaglandins, thromboxanes and endothelial de-
rived factors [13—15]. Importantly, the intrinsic myogenic reflex
in vascular smooth muscle and the cellular action of factors
modulating the autoregulatory response are all dependent on an
increased transmembrane flux of calcium ions (Ca2) into the
vascular smooth muscle cell [16—19]. This conclusion is sup-
ported by the observations that the pharmacological inhibition
of Ca2 uptake by vascular smooth muscle completely inhibits
blood flow autoregulatory responses to increased perfusion
pressure in many tissues and inhibits the pressor actions of both
Ang II and AVP in vivo [17, 19, 20—23].
The factors responsible for impairment of blood flow auto-
regulation in diabetes mellitus remain undefined. However,
numerous observations suggest that metabolic factors, in par-
ticular hyperglycemia, may be important. Specifically, impair-
ment of renal blood flow autoregulatory responses to increased
perfusion pressures in the diabetic rat, which is demonstrable
within days of onset of hyperglycemia, can be prevented by the
administration of insulin to maintain euglycemia [24]. More
direct evidence implicating hyperglycemia comes from the
observation that retinal blood flow autoregulation is impaired in
the cat within minutes of infusing D-glucose to induce hyper-
glycemia [25]. Although these findings implicate hyperglycemia
in the pathogenesis of impaired blood flow autoregulation in
diabetes mellitus, they provide no insight into the underlying
mechanism.
The strong dependence of blood flow autoregulation on Ca2
uptake by vascular smooth muscle raises the possibility that
hyperglycemia could inhibit autoregulation via an adverse effect
on Ca2' uptake by vascular smooth muscle cells. Such a
possibility is not without precedent. In patients with diabetes
mellitus, there is abundant evidence of depressed transmem-
brane Ca2 transport by some tissues including the renal
tubule, duodenum and bone [26—28]. If similar disturbances in
Ca2 transport existed in vascular tissue then this could provide
a cellular mechanism whereby glucose might adversely affect
excitation:contraction coupling in vascular tissue and thereby
impair blood flow autoregulation. Heretofore, however, no
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study has specifically examined the effects of elevated extracel-
lular glucose concentrations on Ca2 uptake by vascular tissue.
The present study thus utilizes an in vitro cell culture system to
examine specifically the independent effects of high extracellu-
lar glucose concentrations on basal, voltage sensitive and
pressor hormone stimulated Ca2 uptake by vascular smooth
muscle cells (VSMC).
Methods
Preparation of cultured rat vascular smooth muscle cells
Aortic VSMC were isolated from the Sprague Dawley rat and
cultured as previously described in detail [29, 301. The resulting
VSMC were plated on 35 mm culture dishes and grown in
Eagle's minimum essential medium (MEM, Gibco) supple-
mented with 2 m L-glutamine, 2 g/liter NaHCO3, 60 mg/liter
penicillin, 135 mg/liter streptomycin and 10% fetal call serum
(FCS) in an incubator at 37°C in 95% humidified air and 5%
CO2. The Ca2 concentration of the culture medium was 1.4
mM/liter. Every five to seven days, the cells were passaged after
trypsin-EDTA harvesting. For all experiments, second through
sixth passaged VSMC were used. Preliminary studies indicated
that Ca2 fluxes were stable and reproducible in VSMC from
the second through tenth passage.
Experimental design
Confluent VSMC were exposed to one of four "test" culture
media for various time periods prior to determining Ca2
uptake and/or efflux by VSMC.
1. Control medium: Regular MEM containing 10% FCS and a
normal D-glucose concentration of 5 mM/liter.
2. High glucose medium: Similar to the control medium except
that it was supplemented with D-glucose to increase its
concentration from 10 to 30 mM/liter.
3. Mannitol osmotic control medium: Similar to control me-
dium but supplemented with the relatively cell impermeable
hexose, mannitol (25 mM/liter), which served as an osmotic
control for the high glucose medium.
4. L-glucose osmotic control medium: Similar to control me-
dium but supplemented with L-glucose (25 mM/liter), a cell
permeable but poorly metabolized glucose isomer. This
medium served as a second osmotic control for the high
glucose medium. In addition, it also served as a metabolic
control, helping to define whether the intracellular metabo-
lism of glucose was necessary for any of the observed effects
of the high glucose medium to develop. When the incubation
period with the test media extended beyond 12 hours, the
medium was replaced every 12 hours to ensure stability of
the extracellular glucose concentration and to prevent fluc-
tuations in extracellular pH.
Measurement of basal 45Ca' uptake by VSMC
After exposing confluent VSMC to the various test media,
Ca2 uptake measurements were performed. The test medium
overlying the cells was aspirated and replaced with 1 ml of fresh
test medium supplemented with 2 jsCi/ml 45Ca2 (specific
activity 12.3 mCi/mg Ca2: ICN Radiochemicals, Irvine, Cali-
fornia, USA). The culture dish containing the VSMC was then
returned to the incubator for five minutes at 37°C. After five
minutes, the dish was placed on ice to terminate Ca2 uptake;
the supernatant was aspirated and the cell monolayer rapidly
rinsed 10 times in one minute with ice-cold Ca2-free physio-
logic salt solution (PSS) containing 2 mt EGTA. Thereafter,
the VSMC were lysed and solubilized in 1 ml of 0.1% sodium
dodecyl sulfate (SDS) and 0.1 N NaOH and the cell associated
radioactivity determined by scintillation counting (Packard Tri-
Carb 460C: Packard, Downer's Grove, Illinois, USA). Prior to
counting, a 50 d aliquot was taken to measure cell protein
content using a modification of the method of Lowry. The
results are expressed as Ca2 uptake, nM/mm/mg cell protein.
Reversibility of glucose-induced depression of basal Ca2
uptake by VSMC
To determine whether glucose-induced depression of Ca2
uptake by VSMC was reversible, VSMC were first exposed to
high glucose medium (20 mM/liter) for 48 hours to induce
depression of Ca2 uptake. The medium overlying the cells was
then changed to control medium (glucose 5 mM/liter) and basal
Ca2 uptake rates were determined at different time intervals
after normalizing the extracellular glucose concentration.
Measurement of voltage sensitive Ca2 uptake by VSMC
The uptake of Ca2 by VSMC is markedly increased by the
activation of voltage sensitive Ca2 channels. These channels
can be activated experimentally, either by depolarizing the cell
membrane or more specifically by thç use of agents such as
BAY K 8644 [31—34]. To depolarize the cell membrane, the test
medium was supplemented with 65 mii KCI during the five
minute incubation period with 45Ca2t To more specifically
activate the voltage sensitive channel, the test medium was
supplemented with BAY K 8644 (l0 M) during the five minute
incubation period with 45Ca2t BAY K 8644 binds specifically
to the dihydropyridine binding site within the L type voltage
sensitive Ca2 channel and has been shown to activate this
channel in a variety of tissues, including VSMC [32, 33]. The
effects of both of these experimental maneuvers on Ca2 uptake
by VSMC was then measured as described above.
Measure of AVP and Ang lI-stimulated Ca2 uptake by
VSMC
Ca2 uptake by VSMC is an important component of the
intracellular signaling response of vascular tissue to pressor
hormones [35]. To determine the effects of the various test
media on pressor hormone-stimulated Ca2 uptake by VSMC
during the five minute incubation period with 45Ca2, the test
medium was supplemented with either AVP (l0 M) or Ang II
(l0 M). Thereafter, Ca2 was measured as described above.
Measurement of 45Ca2 efflux from VSMC
To examine the effects of the various test media on Ca2
efflux rates from VSMC, 45Ca2 efflux studies were performed
as previously described [30]. Briefly, confluent VSMC mono-
layers were exposed for 48 hours to each test medium. For the
final three hours of the incubation period, 45Ca2 (10 sCi/ml)
was added to the test media. After loading the VSMC with
45Ca2 for three hours, the VSMC monolayers were rinsed
rapidly 10 x 1 ml PSS. One milliliter of the appropriate fresh
test medium was then added to the VSMC monolayer and
incubated at 37°C for five minutes. After this incubation, the
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Fig. 1. Time dependency of glucose-induced inhibition of basal Ca2
uptake by VSMC. Time 0 refers to VSMC exposed to control medium
(glucose 5 mM) for 48 hours. 1-48 hours represents time exposure to
high glucose medium (glucose 20 mM). *P < 0.05, < 0.001 vs. time
0, N = 4.
test medium overlying the cells was aspirated and retained for
counting the 45Ca2 that had effluxed from the VSMC. The
radioactivity retained by the VSMC was measured after solu-
bilizing the cells as described above. The 45Ca2 effluxed from
the VSMC is expressed as a percentage of total 45Ca2 available
for efflux, that is: 45Ca2 effluxed counts/(45Ca2 effluxed +
retained counts)%.
The effects of the various test media on AVP, Ang II, BAY K
8644 and KCI stimulated 45Ca2 efflux was measured using the
same protocol. After washing the 45Ca2 loaded VSMC, 1 ml of
fresh test supplemented with one of the aforementioned effec-
tors was added to the VSMC monolayer and 45Ca2 efilux was
measured over the subsequent five minutes as described above.
Statistics
The results are given as means standard error of the mean.
Statistical analysis is by a two-way analysis of variance with a
Bonferroni correction. An N value of 1 refers to a mean of four
data points. A P value of <0.05 was considered significant.
Results
Effect of elevated extracellular glucose concentrations on
basal Ca2 uptake by VSMC
Basal Ca2 uptake rates by confluent VSMC measured in the
presence of control medium were consistent and approximated
3 nM/mg cell protein/minute. The test media contained 10%
FCS which provided a background stimulation of Ca2 uptake,
illustrated by the fact that Ca2 uptake was 1.9 nM/mg cell
protein/mm after 48 hours exposure to control medium (glucose
5 mM) containing only 0.5% FCS (N = 3). During a timed
exposure to an elevated glucose concentration (20 mM/liter),
Ca2 uptake by VSMC was significantly depressed when com-
pared to basal Ca2 uptake rates in the presence of control
medium (Fig. 1). When the concentration of FCS in the test
media was reduced to 0.5% for 48 hours, the effect of the
elevated extracellular glucose concentration to depress Ca2
uptake persisted (Glucose 5 mM/liter: 1.9 0.08 vs. glucose 20
mM: 1.3 0.05, P < 0.05, N = 3). All subsequent results refer
to studies performed in the presence of 10% FCS. The effect of
Fig. 2. Glucose concentration dependency of the inhibition of basal
Ca2 uptake by VSMC. VSMC were exposed for 48 hours to culture
medium containing various glucose concentrations or mannitol osmotic
control medium (MOCM) or L-glucose osmotic control medium
(LGOCM), prior to measuring basal Ca2 uptake rates. *P < 0.05 vs.
glucose 5 m, N = 4.
glucose on Ca2 uptake became more pronounced with increas-
ing time exposure to the high glucose medium, Ca2 uptake by
VSMC being significantly depressed within 12 hours. Further
studies, during which VSMC exposure to the test media was
extended to 72 hours, confirmed that the maximal glucose-
induced depression of basal Ca2 uptake occurred by 48 hours.
At this time point, there was a 50% reduction in basal Ca2
uptake by VSMC when compared to basal Ca2 uptake rates in
the presence of control medium.
Glucose concentration dependent inhibition of Ca2 uptake
by VSMC
To examine the glucose concentration dependency of inhibi-
tion of Ca2 uptake by VSMC, the VSMC monoayers were
exposed to different glucose concentrations (5 to 30 mM) for 48
hours. This time point was selected because a maximal effect of
glucose on Ca2 uptake was observed by this time. Figure 2
shows that basal Ca2 uptake was significantly inhibited once
the glucose concentration had been increased to 15 mM/liter.
This appeared to be a threshold phenomenon because there was
no further depression of calcium uptake with increased glucose
concentrations up to 30 mM/liter.
Effects of osmotic control media on Ca2 uptake by VSMC
The effects of the high glucose medium on basal Ca2 uptake
by VSMC were not reproduced by up to 48 hours exposure to
either the mannitol or L-glucose containing osmotic control
media (Fig. 2). This confirms that glucose-induced depression
of Ca2 uptake by VSMC was specific for D-glucose, and not
simply related to changes in extracellular osmolality. More-
over, the lack of any effect of the high L-glucose medium on
Ca2 uptake by VSMC suggests that the intracellular metabo-
lism of D-glucose is necessary for glucose-induced depression
of Ca2 uptake by VSMC to occur.
Reversal of glucose-induced depression of basal Ca2 uptake
by VSMC
Having demonstrated glucose-induced depression of Ca2
uptake by VSMC, further studies were performed to determine
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Fig. 3. Time dependent recovery from glucose-induced inhibition of
basal Ca2 uptake by VSMC. Recovery time refers to VSMC time
exposure to control medium (glucose 5 mri) after a 48 hour pre-
exposure to high glucose medium (glucose 20 mM). *P < 0.05 vs.
glucose 5 m, N = 3.
whether this effect of glucose was reversible. Figure 3 shows
that following a 48 hour exposure to high glucose medium (20
mM), there was a time dependent recovery of basal Ca2 uptake
rates by VSMC once the extracellular glucose concentration
was restored to normal. The effects of glucose on Ca2 uptake
by VSMC were thus reversible but required up to 24 hours of a
normal glucose environment before Ca2 uptake rates were
restored to normal. The reversibility of glucose-induced depres-
sion of Ca2 uptake confirms that these effects cannot be
explained by irreversible cell toxicity. Additional studies dem-
onstrated that VSMC viability (as determined by cell detach-
ment rates, % lactate dehydrogenase release and % trypan blue
extrusion) was unaffected by 48 hours exposure to elevated
glucose concentrations up to 30 mM/liter (data not shown).
These conclusions are supported by the fact that cell toxicity is
invariably associated with increased rather than depressed
Ca2 uptake rates [361.
Effect of elevated glucose concentrations on Ca2 uptake via
voltage sensitive Ca2 channels in VSMC
The rnyogenic component of blood flow autoregulation is
critically dependent on the activation of L type voltage sensi-
tive Ca2 channels in VSMC [16—18]. To mimic this action in
vitro, these same channels were activated either by membrane
depolarization using high extracellular potassium concentration
or by direct stimulation with BAY K 8644. In the presence of
control medium supplemented with KCL (65 mM), Ca2 uptake
by VSMC significantly increased (121% vs. basal, Fig. 4).
Previous studies have confirmed that this effect is due to the
activation of voltage sensitive Ca2 channels [31, 371. This
response is lower than that observed when studies are per-
formed utilizing a simple buffer (approximately: 150% vs.
basal). This reflects the fact that Ca2 uptake by VSMC is
augmented by the presence of 10% FCS (see above). In
contrast, after 48 hours pre-exposure to a high glucose medium
(20 mM) there was a marked decrease in basal Ca2 uptake and
a failure of the high K concentration to augment Ca2 uptake.
These observations suggest that high extracellular glucose
concentrations, in addition to depressing basal Ca2 uptake,
Fig. 4. Glucose-induced inhibition of voltage sensitive Ca2 uptake by
VSMC. VSMC were pre-exposed to control medium (glucose 5 mM) or
high glucose medium (glucose 20 mM) for 48 hours prior to a 5 minute
exposure to similar media containing either BAY K 8644 (l0— M)
(BAY) or 65 mrvi KCI (K). +P < 0.05, P < 0.01 vs. basal (glucose 5
mM), N = 4.
also inhibit the activation of voltage sensitive Ca2 channels in
VSMC. To confirm this hypothesis, studies were performed in
which the L type voltage sensitive channel was more specifi-
cally activated using BAY K 8644. Studies in the presence of
control medium confirmed that BAY K 8644 (l0 M) signifi-
cantly increased Ca2 uptake by VSMC (Fig. 4). This increase
in Ca2 uptake in response to BAY K 8644 is not observed in all
cell types under basal conditions. Previous studies, however,
confirm that rat aortic vascular smooth muscle cells are respon-
sive to BAY K 8644 in the resting state [38]. The response to
BAY K 8644 confirms that cultured VSMC express voltage
sensitive Ca2 channels and that even under basal conditions, a
proportion of these channels are active [39]. The magnitude of
the response to BAY K 8644 (115% vs. basal) was similar to that
observed with membrane depolarization. In marked contrast,
after pre-exposure to high glucose medium (20 mM) for 48
hours, BAY K 8644 failed to increase the already significantly
depressed basal Ca2 uptake by VSMC. To determine whether
the high glucose medium modified the threshold for voltage
sensitive channel activation by BAY K 8644, the study was
repeated using BAY K 8644 concentrations of lO_6 M and l0
M. Even at these higher concentrations, BAY K 8644 failed to
augment Ca2 uptake in the presence of high glucose medium.
In contrast, results obtained after pre-exposure to both of the
osmotic control media confirmed that there was no inhibition of
Ca2 uptake in response to high [K] or BAY K 8644 (data not
shown). Together, these observations demonstrate that high
glucose concentrations inhibit Ca2 uptake via voltage sensitive
Ca2 channels in VSMC.
Effect of elevated extracellu/ar glucose concentrations on
receptor operated Ca2 channels in VSMC
The next study examined the effects of the various test media
on pressor hormone stimulated Ca2 uptake by VSMC. Figure
5 shows that the pressor hormones Ang II and AVP (10 M)
both increased Ca2 uptake by VSMC in the presence of
control medium (glucose 5 mM). Similar results were obtained
for VSMC pre-exposed to the osmotic control media for 48
hours (data not shown). In contrast, after 48 hours pre-exposure
-n
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Stimulus
Glucose
5 mM
Glucose
20 miu
Basal
Ang II i0' M
AVP j—7 M
KC1 65 msc
BAY K 8644 io7 M
56.3 5.0
71.4 6.2a
70.8 4.P
60.8 6.1
59.7 5.6
54.1 6.2
57.4 4.9
59.3 5.9
56.5 5.8
55.3
the presence of any of the test media (Table 1). These results
confirm that the glucose-induced depression of Ca2 uptake by
VSMC represents a true net decrease in the transmembrane flux
of Ca2 which is not compensated for by an associated change
in Ca2 efflux rate. Together, these results demonstrate that
elevated extracellular glucose concentrations have a powerful
depressive effect on basal, voltage sensitive and receptor oper-
ated mechanisms regulating Ca2 uptake by VSMC.
Discussion
Ca2 entry is crucial for excitation:contraction coupling in
vascular tissue and plays a major role in the regulation of
vascular tone [35, 37, 40, 41]. Ca2 entry into most cell types,
including VSMC, occurs predominantly via voltage sensitive
channels that are activated by membrane depolarization [37].
At least four types of channel (L, T, N & P) have been defined
on the basis of their electrophysiologic characteristics [34, 41].
The predominant voltage sensitive Ca2 channel in VSMC is
the "L" type voltage sensitive channel which is characterized
by a high activation threshold, slow inactivation time, and high
sensitivity to dihydropyridines [34, 37].
Activation of the L type channel in VSMC plays a pivotal role
in blood flow autoregulatory responses. The application of
transmural pressure to resistance sized arteries causes mem-
brane depolarization which activates L type Ca2 channels;
these in turn increase Ca2 uptake by VSMC and thereby
enhance vascular tone [8, 37, 42—44]. The relevance of this
pressure activated Ca2 uptake to autoregulatory responses is
illustrated by the fact that the spontaneous development of
myogenic tone in various resistance sized arteries can be
prevented by extracellular Ca2 depletion, the administration
of drugs that inhibit L type Ca2 channels, or by prior mem-
brane hyperpolarization [43—46].
Early diabetes mellitus is characterized by impaired blood
flow autoregulatory responses to increased perfusion pressures
in many organs [4—8]. In view of the fact that autoregulation is
so dependent on Ca2 uptake by vascular smooth muscle, the
present study examined the independent effects of elevated
extracellular glucose concentrations on Ca2 uptake by VSMC.
In order to mimic the action of transmural pressure-induced
voltage sensitive channel activation, in vitro, these channels
were activated by exposing VSMC to a high extracellular K
concentration. This maneuver has been previously shown to
depolarize the cell membrane, increase Ca2 uptake and in-
crease vascular tone [31, 37]. The results of the present study
Table 1. % 45Ca2 Efflux from VSMCI5 minutes
Basal All AVP
Glucose (20 mM)
VSMC monolayers were exposed to control (glucose 5 mrwi) or high
glucose (20 mM) medium for 48 hours prior to measurement of basal
Ca2 efflux or the Ca2 efflux response to 1 minute stimulation with Ang
II, AVP, KC1 or BAY K 8644.
a p < 0.05 vs. Basal, N = 3.
4.0
o Basal All AVP
Glucose (5 mM)
Fig. S. Glucose-induced inhibition of pressor hormone-stimulated
Ca2 uptake by VSMC. VSMC were pre-exposed to control medium
(glucose 5 mM) or high glucose medium (glucose 20 mM) for 48 hours
prior to aS minute exposure to AVP (10—v M) or Ang II (10—v M).P < 0.01 vs. basal (glucose 5 mM), N = 4.
C
E
Ce0
Time of exposure to glucose (20mM)
Fig. 6. Effect of extracellular glucose concentration on % basal Ca2
efflux from VSMC. VSMC were pre-exposed to control medium (glu-
cose 5 mM) for 48 hours or high glucose medium (glucose 20 mM) for
various time periods. There was no statistical difference in % basal
Ca2 efflux rate vs. control at any time point, N 3.
to high glucose medium (20 mM), basal Ca2 uptake was
markedly depressed and both AVP and Ang II failed to enhance
Ca2 uptake by VSMC. These results demonstrate that high
extracellular glucose concentrations also inhibit the activation
of pressor receptor operated Ca2 channels in VSMC.
Effect of elevated extracellular glucose concentrations on
Ca2 + effluxfrom VSMC
The effect of exposing VSMC to high glucose medium (20
mM) for up to 48 hours on % basal Ca2 efflux rates was then
studied. Figure 6 shows that % basal Ca2 efflux rates were
unaffected by prolonged exposure to the high glucose medium.
AVP or Ang II (10—v M) increased %Ca2 efllux/5 mm from
VSMC that had been pre-exposed for 48 hours to control
medium or either of the two osmotic control media (Table 1). In
contrast, 48 hours pre-exposure to the high glucose medium
(glucose 20 mM) significantly inhibited the VSMC Ca2 efflux
response to the pressor hormones. K or BAY K 8644 did not
significantly increase the Ca2 efflux response versus basal in
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demonstrate that elevated extracellular glucose concentrations
impair the capacity of membrane depolarization to augment
Ca2 uptake by VSMC. Because the effect of glucose on
membrane polarity was not measured, it is impossible to
exclude the possibility that glucose indirectly inhibited the
activation of voltage sensitive Ca2 channels by rendering the
cell membrane more resistant to depolarization. This explana-
tion is, however, unlikely because the direct activation of the L
type voltage sensitive channel by BAY K 8644 was also
inhibited by a high glucose medium. Whether this direct glu-
cose-induced inhibition of L type Ca2 channel activation in
VSMC may result from either a reduction in Ca2 channel
number or reduced ion conductance by individual channels is
currently being evaluated.
The possibility that our results reflect variations in cell
membrane bound Ca2 rather than Ca2 uptake by VSMC must
also be considered. This explanation is, however, most unlikely
because the increase in 45Ca2 uptake measured in the presence
of AVP, Ang II, K and BAY K 8644 cannot be attributed to
increased membrane binding of 45Ca2, thereby validating our
conclusions.
The myogenic component of the autoregulation response is
modulated by the action of circulating pressor hormones such
as AVP and Ang II. The vascular action of pressor hormones is
strongly dependent on Ca2 uptake by VSMC [19, 35, 40]. The
present study demonstrates that elevated extracellular glucose
concentrations inhibit this pressor hormone-induced Ca2 in-
flux. The mechanism whereby pressor hormones increase Ca2
entry into VSMC is unclear. One hypothesis proposes hor-
monal activation of a distinct group of "receptor operated Ca2
channels" [47]. More recent evidence, however, suggests that
the receptor operated Ca2 channel is indistinguishable from
the voltage sensitive L type channel, the main difference being
a more indirect route of activation, perhaps via the generation
of intracellular second messengers [371. If the latter explanation
is correct, then glucose-induced inhibition of pressor hormone
activated Ca2 uptake could be a manifestation of a generalized
glucose-induced depression of L type Ca2 channel activity.
There is, however, another potential mechanism to explain
glucose-induced depression of pressor hormone stimulated
Ca2 uptake by VSMC. We have recently shown that high
extracellular glucose concentrations (20 mM) cause a marked
down-regulation of AVP and Ang II receptors on VSMC and
depress intracellular signaling and contraction in response to
these hormones [48]. Thus, the decrease in pressor receptor
mediated Ca2 influx could be secondary to glucose-induced
pressor receptor down-regulation in addition to any direct
action of glucose to depress the L type Ca2 channel.
In the present study, one of the most striking effects of
elevated glucose concentrations was the depression of basal
Ca2 uptake by unstimulated VSMC. It is well recognized that
even during resting conditions, there is a large basal transmem-
brane influx of Ca into VSMC [49]. As the molecular basis for
this basal Ca2 "leak" is poorly understood, it is difficult to
define a mechanism whereby glucose may modify this process.
Nevertheless, such an action of glucose could have a significant
effect on basal vascular tone because the resting tone of
resistance sized arteries and systemic vessels can be abolished
by depleting extracellular Ca2 [49, 50], thus indicating the
importance of basal Ca2 influx in the maintenance of vessel
tone.
The present study therefore demonstrates a hitherto unre-
ported potent in vitro effect of elevated extracellular glucose
concentrations to depress both the basal and dynamic mecha-
nisms regulating Ca2 entry into VSMC. This effect is specific
for D-glucose and occurred at glucose concentrations compat-
ible with those seen in patients with poorly controlled diabetes
mellitus.
The present study has focused on the effects of glucose on net
Ca2 uptake by VSMC rather than the intracellular compart-
mentalization of Ca2. In this regard, it is the uptake of Ca2
that has been convincingly demonstrated to be relevant to the
cellular mechanisms regulating the myogenic component of
blood flow autoregulation [16-19]. Nevertheless, it seems likely
that glucose-induced reductions in Ca2 uptake by VSMC
could also influence the intracellular compartmentalization of
Ca2, in particular the free intracellular Ca2 concentration. As
the latter is critical in regulating many aspects of VSMC
function [40], further work is necessary to define whether
elevated extracellular glucose concentrations also influence the
intracellular compartmentalization of Ca2 in vascular tissue.
If the action of glucose to depress Ca2 fluxes is relevant to
the in vivo situation, then one would predict increased sensitiv-
ity of diabetic vascular tissue to either a decrease in extracel-
lular Ca2 concentrations or pharmacologic inhibition of L type
Ca2 channel. Numerous sources of evidence suggest that this
is indeed the case. Disproportionately large decreases in car-
diac output have been demonstrated in isolated diabetic rat
hearts when extracellular Ca2 concentrations were reduced
[51]. Further studies of the effects of diltiazem or verapamil on
isolated hearts confirmed a marked increase in the sensitivity of
the diabetic versus control hearts to L type Ca2 channel
blockade [52]. In addition, coronary vessels, mesenteric arter-
ies, isolated aortas and thoracic aortic rings from diabetic
animals all exhibit increased sensitivity to pharmacological
inhibition of L type Ca2 channels or extracellular Ca2 deple-
tion when compared to responses in non-diabetic vessels [53—
55]. Furthermore, studies of the effects of Ca2 supplementa-
tion on renovascular responses in diabetic rats suggest that
decreased vascular tone in early diabetes may in part be due to
defective Ca2 flux into VSMC [56]. Additional evidence sup-
porting the hypothesis that decreased vascular tone in early
diabetes results from decreased transmembrane Ca2 transport
by vascular tissue comes from the observation that four weeks
after the onset of alloxan-induced diabetes, isolated rat aortas
show significant contractile subsensitivity to CaCI2 as well as
K and Ang II [53]. More recently others have demonstrated
similar findings using isolated resistance vessels obtained from
diabetic patients [57]. That these effects may relate to hyper-
glycemia is supported by the finding that aortic rings from
non-diabetic rats develop impaired contractility when exposed
to elevated glucose concentrations (30 mM) in vitro [58].
Together, the aforementioned observations provide strong
evidence to support the hypothesis that some aspect of the
diabetic milieu acts to depress Ca2 uptake by vascular tissue.
The findings of the present study complement earlier reports by
producing the first evidence that the link between the diabetic
state and impaired Ca2 uptake by vascular tissue may be a
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direct and independent effect of elevated glucose concentra-
tions to inhibit basal, voltage sensitive and receptor operated
Ca2 uptake. In so doing, we propose that this action of glucose
could disturb at least two key components of the Ca2 depen-
dent process of blood flow autoregulation: notably, the myo-
genic response and pressor receptor modulation of this re-
sponse. The findings of the present study thus suggest a
biochemical mechanism to implicate directly hyperglycemia in
the pathogenesis of disturbed regional blood flow that ulti-
mately predisposes diabetic patients to severe and premature
vascular injury.
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